Host Cell Factor 1 (HCF-1) plays critical roles in regulating gene expression in a plethora of physiological processes. HCF-1 is first synthesized as a precursor, and subsequently specifically proteolytically cleaved within a large middle region termed the proteolytic processing domain (PPD). Although the underlying mechanism remains enigmatic, proteolysis of HCF-1 regulates its transcriptional activity and is important for cell cycle progression. Here we report that HCF-1 proteolysis is a regulated process. We demonstrate that a large proportion of the signaling enzyme O-linked-N-acetylglucosaminyl transferase (OGT) is complexed with HCF-1 and this interaction is essential for HCF-1 cleavage. Moreover, HCF-1 is, in turn, required for stabilizing OGT in the nucleus. We provide evidence indicating that OGT regulates HCF-1 cleavage via interaction with and O-GlcNAcylation of the HCF-1 PPD. In contrast, although OGT also interacts with the basic domain in the HCF-1 amino-terminal subunit, neither the interaction nor the O-GlcNAcylation of this region are required for proteolysis. Moreover, we show that OGTmediated modulation of HCF-1 impacts the expression of the herpes simplex virus immediate-early genes, targets of HCF-1 during the initiation of viral infection. Together the data indicate that O-GlcNAcylation of HCF-1 is a signal for its proteolytic processing and reveal a unique crosstalk between these posttranslational modifications. Additionally, interactions of OGT with multiple HCF-1 domains may indicate that OGT has several functions in association with HCF-1.
Host Cell Factor 1 (HCF-1) plays critical roles in regulating gene expression in a plethora of physiological processes. HCF-1 is first synthesized as a precursor, and subsequently specifically proteolytically cleaved within a large middle region termed the proteolytic processing domain (PPD). Although the underlying mechanism remains enigmatic, proteolysis of HCF-1 regulates its transcriptional activity and is important for cell cycle progression. Here we report that HCF-1 proteolysis is a regulated process. We demonstrate that a large proportion of the signaling enzyme O-linked-N-acetylglucosaminyl transferase (OGT) is complexed with HCF-1 and this interaction is essential for HCF-1 cleavage. Moreover, HCF-1 is, in turn, required for stabilizing OGT in the nucleus. We provide evidence indicating that OGT regulates HCF-1 cleavage via interaction with and O-GlcNAcylation of the HCF-1 PPD. In contrast, although OGT also interacts with the basic domain in the HCF-1 amino-terminal subunit, neither the interaction nor the O-GlcNAcylation of this region are required for proteolysis. Moreover, we show that OGTmediated modulation of HCF-1 impacts the expression of the herpes simplex virus immediate-early genes, targets of HCF-1 during the initiation of viral infection. Together the data indicate that O-GlcNAcylation of HCF-1 is a signal for its proteolytic processing and reveal a unique crosstalk between these posttranslational modifications. Additionally, interactions of OGT with multiple HCF-1 domains may indicate that OGT has several functions in association with HCF-1. HCF-1 undergoes a unique mode of limited proteolysis involving a series of 20 aa reiterations within the central proteolytic processing domain (PPD) (2, 3) . Although the mechanism of cleavage remains to be fully defined, previous studies suggested that HCF-1 might possess an autoproteolytic activity (4) . HCF-1 cleavage occurs at one or more reiterated sites at the PPD, generating several N-terminal and C-terminal subunits that form stable heterodimers via two corresponding pairs of motifs, termed self association sequences (5) .
Earlier studies indicated that proteolytic processing of HCF-1 is required to coordinate two major functions of HCF-1 in cell cycle progression (6) . The HCF-1 N subunit is necessary and sufficient to promote the Gap1 (G1) to Synthesis (S) transition, while the C subunit is required for progression through mitosis (6) . However, the molecular properties that characterize the functions of the precursor vs. the mature forms of HCF-1 remain unclear. It is likely that the gain or loss of specific protein interactions is one major consequence of HCF-1 processing. For instance, the coactivator/corepressor FHL2 interacts with the HCF-1 precursor via a motif located in the central region of the PPD. HCF-1 processing removes this motif, thus decreasing the activation of an HCF-1-dependent target gene (7) .
O-linked-N-acetylglucosaminyl transferase (OGT) is a highly conserved enzyme that participates in critical nuclear and cytoplasmic signalling events (8, 9) . Similar to phosphorylation, OGT modifies Serine/Threonine (S/T) residues of target proteins with a single N-acetylglucosamine (O-GlcNAc); regulating protein function by influencing protein interactions, enzymatic activity, and subcellular localization. Furthermore, O-GlcNAc modification is highly dynamic and ample evidence indicates the existence of extensive crosstalk between O-GlcNAcylation and phosphorylation in controlling biological processes (8, 9) . The reversibility of O-GlcNAcylation is ensured by a unique beta-N-acetylglucosaminidase (OGA) which is also highly conserved (10) . OGT interacts with numerous cellular proteins, most notably transcription factors and regulators. Significantly OGT was previously shown to interact with and glycosylate the HCF-1 N subunit (11, 12) . However, the biological significance and mechanism of this O-GlcNAcylation remain unknown. Here, we reveal a unique physical and functional link between O-GlcNAcylation and limited proteolysis.
Results

HCF-1
Regulates the Stability of Nuclear OGT. HCF-1 possesses a unique modular structure consisting of an amino-terminal Kelch domain followed by: (i) a region rich in basic residues; (ii) the PPD containing the 20 aa reiterations that are the sites of specific proteolysis; (iii) an acidic activation domain; (iv) and a set of fibronectin repeats (Fig. 1A) . HCF-1 was previously shown to interact with OGT (11) . However the abundance of nuclear OGT stably associated with HCF-1 relative to the entire nuclear pool was not known. To address this point, we immunodepleted HCF-1 from HeLa nuclear extracts (Fig. 1B) . Quantification of OGT levels in the HCF-1 complexes fraction immunoprecipitate (IP) and the flow through (FT) revealed that nearly 50% of the total nuclear OGT is stably associated with HCF-1. The association of a large proportion of OGT with HCF-1 suggests important roles of this complex. Strikingly, depletion of HCF-1 in HeLa cells by shRNA induced a corresponding dose-dependent decrease of OGT (Fig. 1C) . This result was confirmed by a pool of four siRNA oligonucleotides targeting HCF-1 (Fig. 1C) . Conversely, overexpression of HCF-1 induced an increase in OGT protein levels (Fig. 1D) . The reduction in OGT levels in the absence of HCF-1 were not due to a reduction in OGT mRNA levels (Fig. 1E) . Moreover, no detectable HCF-1 was found to be associated with the OGT promoter (Fig. 1F) . In contrast, HCF-1 was readily detected on the promoter of p107 RB family member (Fig. 1F) , a known HCF-1 target gene (13) .
The above results suggested that HCF-1 regulates OGT stability via a posttranscriptional mechanism. Because OGT is distributed in both the cytoplasm and the nucleus while HCF-1 is primarily localized in the nucleus, we determined whether the nuclear pool of OGT was preferentially stabilized by HCF-1. Subcellular fractionation showed that the nuclear pool of OGT is significantly reduced relative to the corresponding cytoplasmic pool following depletion of HCF-1 ( Fig. 2A) . These results were confirmed by immunostaining following knockdown of HCF-1 where a significant reduction of nuclear OGT could be observed in the HCF-1 depleted cells (Fig. 2B) . To determine whether OGT is regulated by proteasomal degradation, we transfected expression plasmids for OGT and ubiquitin, followed by treatment with the proteasome inhibitor MG132. After OGT immunoprecipitation, we observed a typical ubiquitination smear, which was increased by MG132 treatment (Fig. 2C) . We note that MG132 has a minor effect on OGT protein levels. This lack of effect is due to the relatively long half-life of OGT (∼12 h) (14) . We also observed an increase in the ubiquitination of endogenous OGT following extended treatment with MG132 (Fig. S1 ). Next, we conducted a cycloheximide chase upon HCF-1 knockdown and found that OGT was slightly reduced overtime while no change or even a small increase was observed for the shControl transfected cells (Fig. 2D) .
OGT Is Required for HCF-1 Proteolytic Processing. It was previously reported that OGT interacts with and glycosylates HCF-1 (11), suggesting an important reciprocal regulation. Strikingly, depletion of OGT induced an accumulation of the HCF-1 precursor (full length, FL) with a corresponding decrease in the HCF-1 cleavage products (Fig. 3A) . Quantification indicated that shRNA constructs, which depleted OGT to different extents, cor- 
OGT/ β-actin related in an inverse manner with the ratio of HCF-1 cleavage products (HCF-1 FL/HCF-1 cleaved forms). As expected, the extent of OGT knockdown also correlated with a proportional decrease of global O-GlcNAc modification. Transfection of siRNA oligonucleotide pools, which induced a substantial knockdown of OGT, also resulted in a significant accumulation of HCF-1 FL (Fig. 3A) . OGT knockdown also inhibited HCF-1 cleavage in other cell types indicating that this inhibition is not cell-type specific (Fig. 3A) . Conversely overexpression of OGT along with HCF-1 FL resulted in: (i) an increase in global protein O-GlcNAcylation levels; (ii) a decrease in HCF-1 FL levels; and (iii) an increase in the levels of HCF-1 N and C polypeptides (Fig. 3B) . The effect on HCF-1 cleavage was dependent on OGT catalytic activity (Fig. S2) .
O-GlcNAc modification is dynamic and cycling is ensured by the concerted action of OGT and OGA (15, 16) . We reasoned that overexpressed OGA would shift the equilibrium toward O-GlcNAc removal with a concomitant effect on HCF-1 cleavage. Although no significant changes were seen on the cleaved forms of HCF-1 following overexpression of OGA, a noticeable increase in the level of HCF-1 precursor was observed (Fig. 3C) . The decrease of global O-GlcNAc with overexpressed OGA was considerably less significant than with OGT RNAi (Fig. 3C) .
Components of the nuclear pore complex are known to be heavily glycosylated by OGT suggesting that O-GlcNAc modification might be required for the nuclear import of proteins (17) (18) (19) . Although not firmly established, HCF-1 appears to be cleaved in the nucleus (3). We reasoned that depletion of OGT might induce cytoplasmic sequestration of HCF-1 FL from accessing factors required for its cleavage in the nucleus. However, in the absence of OGT, most of the HCF-1 FL is in the nucleus, indicating that the lack of HCF-1 cleavage was not due to a defect in nuclear import (Fig. 3D) . To further confirm these results, cells were stained for HCF-1 following shRNA knockdown of OGT. While substantial depletion of OGT was achieved, no noticeable cytoplasmic accumulation of HCF-1 was observed (Fig. S3) . Interestingly, in contrast to HCF-1 cleavage, no effect of OGT knockdown was observed on the histone methyltransferase and transcription regulator MLL1, which is also subjected to specific proteolytic cleavage (20) (Fig. S4) . We concluded therefore that OGT is required for HCF-1 cleavage.
OGT Interacts with and Glycosylates Full-Length HCF-1. To investigate the mechanism of HCF-1 maturation, we sought to characterize the OGT interaction with HCF-1. First, we cotransfected hemagglutinin (HA)-tagged HCF-1 FL or HCF-1 N (1-1,010 aa) with Myc-tagged OGT, and found that significantly more OGT is immunoprecipitated with HA-HCF-1 FL than HA-HCF-1 N (Fig. S5A) , suggesting that the major determinants of OGT/ HCF-1 interaction are contained within HCF-1 sequences that are not present in the HCF-1 N protein.
Next we used the WTor an uncleavable form of HCF-1 mutant (NC) in which the critical glutamic acid of each repeat had been mutated to alanine (7) . Immunoprecipitation assays revealed that the HCF-1 mutant NC was even more efficient in coimmunoprecipitation of OGT than the WT HCF-1 (Fig. S5B) . These effects were also observed following coexpression of WT HCF-1 or the HCF-1 mutant NC with OGT. In this case, OGTexpression induced processing of the WT HCF-1 but not the HCF-1 mutant NC (Fig. S5C) . Of note, Myc-OGT was substantially stabilized in cells cotransfected with HCF-1 mutant NC accounting partly for the more efficient coimmunoprecipitation. However, the ratio of the IP/Input supported the conclusion that OGT interacts more efficiently with the HCF-1 mutant NC than the WT HCF-1 (Fig. S5C) . Next, in vitro Glutathione S-transferase (GST)-pull down assays using recombinant GST-OGT and various in vitro translated forms of HCF-1 (FL, N and C subunits) indicated that the GST-OGT interacts more efficiently (∼10-fold) with the HCF-1 precursor than the HCF-1 N subunit (Fig. S6) . No interaction was observed with the HCF-1 C (Fig. S6) . To determine whether HCF-1 FL is O-glycosylated, we immunoprecipitated HCF-1 and found that the precursor reacts with the anti-OGlcNAc antibody, suggesting that O-GlcNAcylation of HCF-1 precedes its processing (Fig. S7) . We also note that large C-terminal fragments corresponding most likely to processing intermediates are O-glycosylated, however the most processed forms of HCF-1 C-terminal subunits appear to be very poorly O-glycosylated. 
OGT Interaction with and O-GlcNAcylation of the HCF-1 N-Terminal
Subunit Are Not Required for HCF-1 Proteolytic Cleavage. To determine the role of O-GlcNAc in the proteolytic processing of HCF-1, we utilized two approaches. We first conducted GSTpulldown assays with subdomains of the HCF-1 N subunit and observed that the HCF-1 basic region interacts with OGT (Fig. S8A) . We further determined that a region between 500 and 550 aa of HCF-1 is sufficient for this interaction (Fig. S8A) . Therefore, we generated a mutant of HCF-1 lacking this domain (Δ500-650 aa) (HA-HCF-1 ΔOBM) (Fig. S8B) . Interestingly, this mutant was cleaved as efficiently as the WT HCF-1 (Fig. S8C,  left) . Moreover, the interaction of this HCF-1 mutant with OGT was almost unchanged in comparison to the WT HCF-1 (Fig. S8C, left) . Next, we analyzed the O-GlcNAcylation levels of this HCF-1 mutant and observed that while a significant decrease in the O-GlcNAcylation of the cleaved forms of HCF-1 was evident, there was no substantial change in the overall O-GlcNAcylation of the uncleaved FL HCF-1 (Fig. S8C, right) . The data indicate that neither the interaction of OGT with the N subunit nor its O-GlcNAcylation is responsible for the OGTmediated proteolysis of HCF-1. To confirm these results, we mutated all of the known O-GlcNAcylation sites located in the HCF-1 N subunit (12) (HA-HCF-1 ΔO-Glc) (Fig. S8B) . Similar to the HCF-1 ΔOBM mutant, a substantial decrease in HCF-1 O-GlcNAcylation was observed for the cleaved forms while no major changes in the O-GlcNAcylation levels of the uncleaved HCF-1 were seen (Fig. S8C, right) . Importantly the extent of HCF-1 cleavage remained essentially similar to the WT form suggesting that O-GlcNAc modification of the basic region within the HCF-1 N is not required for processing (Fig. S8C, left) . Fig. 4A , the HCF-1 Δ PPD interacted less efficiently (∼20-fold less) with OGT than the HCF-1 NC suggesting that the PPD is the major OGT-interacting domain. Previously it was demonstrated that the PPD was sufficient for cleavage in cells, although it is very poorly processed (3). Therefore, we generated PPD expression constructs with and without a Nuclear Localization Signal (NLS) (Fig. S9A) . In contrast to the PPD without the NLS (Myc-PPD) which was moderately cleaved, the PPD with the NLS (Myc-NLS-PPD) was dramatically cleaved and only a faint band of residual uncleaved PPD could be detected (Fig. S9B) . Of note, the Myc-NLS sequences (∼3 kDa) enabled us to detect the smallest cleaved form of the Myc-NLS-PPD (PPD repeat 1-2). As detected by immunofluorescence, the Myc-PPD was distributed in the cytoplasm and nucleus (Fig. 4B) . In contrast, the Myc-NLS-PPD accumulated in the nucleus (Fig. 4B) . Interestingly, cells expressing Myc-NLS-PPD exhibited a typical pronounced nuclear OGT staining (Fig. 4B) , similar to mock transfected cells (Fig. 2B) . However, in cells expressing Myc-PPD, OGT was distributed evenly between cytoplasm and nucleus (Fig. 4B) , suggesting that this form of the PPD directly interacts with OGT and interferes with its nuclear localization. This result was confirmed by subcellular fractionation, i.e., cells expressing Myc-PPD exhibit significantly higher OGT levels in the cytoplasm (Fig. S10) . Next, we found that the HCF-1 PPD (Myc-PPD) was sufficient to co-IP OGT (Fig. 4C) . In contrast, the smallest cleaved form of PPD does not interact with OGT indicating that this set of reiterations (R1-2) is not sufficient to mediate the association with OGT. Because the Myc-NLS-PPD appears to be dramatically cleaved, we reasoned that this domain might interact with OGT and be a target of OGT-mediated O-GlcNAcylation prior to its cleavage. In support of this hypothesis, the Myc-PPD was modified by O-GlcNAc in an OGT-dependent manner ( Fig. 4D and Fig. S11 ). To further characterize the role of OGT in promoting HCF-1 cleavage, we took advantage of the PPD without the NLS, which localizes in both cytoplasm and nucleus (Fig. 4B) , interacts with OGT, and is moderately cleaved (Fig. 4C) . Following overexpression of OGT, we observed a decrease in the levels of both the FL Myc-PPD and the cleavage products (Fig. 4E) . Conversely, knockdown of OGT induced an accumulation of FL Myc-PPD (Fig. S12) . These results indicate that OGT directly promotes the cleavage of the HCF-1 PPD and intermediate processing forms.
Depletion of OGT Enhances HCF-1 Target Gene Expression. Because we observed a significant accumulation of HCF-1 FL in the nucleus following depletion of OGT, we first determined whether it associates with chromatin. The chromatin/nuclear matrix fraction of HeLa cells was prepared from control and OGT-depleted cells and treated with MNase (21) . As shown in Fig. 5A , HCF-1 was released into the soluble fraction following MNase treatment, indicating its association with chromatin.
A B Finally, to determine the biological consequences of OGTmediated regulation of HCF-1 cleavage, we assessed the impact of OGT depletion on HCF-1 mediated gene expression using the well characterized model of HCF-1-dependent activation of the herpes simplex virus (HSV) IE genes (1). Human foreskin fibroblast (HFF) cells transfected with control or OGT siRNAs were infected with HSV and the levels of viral and control cellular mRNAs were determined by quantitative real-time PCR (qRT-PCR). As shown in Fig. 5B , depletion of OGT (∼80%) resulted in a substantial increase in the ratio of HCF-1 precursor to the HCF-1 cleavage products as compared to cells transfected with control siRNAs. Importantly, depletion of OGT also resulted in a consistent increase (∼1.5 to 2.5-fold) in viral IE gene expression (Fig. 5B) . In contrast, no impact was seen on expression of the control GAPDH or TBP mRNA levels. As factors such as the Sp1 transcription factor, a known component of the viral HSV IE gene expression regulatory circuit, as well as RNA polymerase II can be regulated by O-GlcNAcylation (22, 23) , we also analyzed the expression of a set of Sp1 target genes in cells depleted of OGT. In contrast to the impact on HSV IE gene expression, we did not detect any significant changes in the expression of these Sp1 target genes (Fig. S13) . Thus, although we can not exclude possible effects resulting from O-GlcNAcylation of other cellular factors, the loss of Sp1 or RNA polymerase II O-GlcNAcylation does not likely account for the observed increase in HSV immediate-early gene expression. The results are consistent with previous data indicating that the full-length, nonprocessed form of HCF-1 was more efficient in induction of viral IE reporter genes (7).
Discussion
Site-specific limited proteolytic cleavage is exploited as a signaling mechanism in nearly all living organisms. Moreover, the importance of this posttranslational modification is emphasized by the fact that, in mammals, numerous physiopathological processes have evolved elaborate protein cleavage machineries.
Mammalian HCF-1 is subjected to proteolytic cleavage via limited site-specific proteolysis within unique reiterations of the PPD. Interestingly, Caenorhabditis elegans HCF does not have a domain homologous to PPD and is not cleaved (24) . The Drosophila HCF, although also cleaved, does not contain cleavage sites homologous to the mammalian HCF-1 PPD (25) . This finding suggests that a need developed for HCF-1 proteolytic processing, although distinct mechanisms of cleavage have apparently evolved. Indeed, it has been shown that the Drosophila HCF is cleaved by the protease taspase 1, while human and mouse HCF-1 are cleaved in a taspase 1-independent manner (26) .
Here, we demonstrate that OGT is required for HCF-1 cleavage. Interestingly while O-GlcNAcylation is shown here to promote proteolytic cleavage, protein phosphorylation also impacts proteolytic cleavage by either stimulation or inhibition (27) , thus highlighting the importance of posttranslational modifications in tightly regulating limited proteolysis. In addition to the previously established role of OGT in inhibiting proteasomal degradation via O-GlcNAcylation of the proteasome or its substrates (28-30), we have here uncovered an additional role for this enzyme in signalling limited proteolysis. Because both proteolytic cleavage and O-GlcNAcylation modulate the function of several transcription regulators, it would be interesting to determine whether this crosstalk represents a more global signaling event.
The role of OGT in association with HCF-1 is likely to have several functions. With respect to the regulation of HCF-1 cleavage, it is possible that the PPD encodes a dormant protease that is stimulated by O-GlcNAcylation, following a significant conformational change. This model would provide a level of control that prevents promiscuous and untimely autocleavage of HCF-1. Alternatively, O-GlcNAcylation of the PPD may provide a signal for recruitment of an, as yet unidentified, protease. Importantly, the PPD is not simply a domain containing proteolytic cleavage sites but is also a domain that interacts with HCF-1 binding partners. OGT-mediated O-GlcNAcylation of the PPD or PPD interacting partners could result in an enhancement of cleavage via disruption of protective interactions. Thus, OGT-mediated cleavage of HCF-1 can provide a mechanism for controlling the dosage and functional competency of HCF-1 and its processed subunits. In support of this hypothesis, depletion of OGT results in accumulation of the full-length HCF-1 and a stimulation of HCF-1 dependent transcriptional activation of the HSV IE genes. Finally, an additional implication of the interaction of OGT with HCF-1 is the reciprocal impact of HCF-1 on OGT stability. Thus, as OGT interacts more efficiently with the HCF-1 precursor, it may therefore modulate its own stability.
Aside from its function in modulating HCF-1 cleavage, OGT is also likely to have additional functional roles in association with HCF-1. In addition to its interaction with the HCF-1 PPD, OGT also interacts with the basic domain of HCF-1 and remains associated with the cleaved HCF-1 subunits. Thus, OGT might modulate HCF-1 interactions with chromatin-associated regulators. Notably, OGT is a metabolic sensing enzyme. It would be of continued interest to investigate whether changes in metabolic conditions impact HCF-1 processing and/or function, which in turn would affect cell growth and cell cycle progression. Thus, as HCF-1 is a major regulator of cellular metabolism (31, 32) , O-GlcNAcylation of HCF-1 might provide a link between cellular metabolism and cell proliferation.
Materials and Methods
Plasmids and Antibodies. shRNA constructs, expression plasmids, and antibodies used in this study are described in SI Text.
Cells and Virus. HeLa, U2OS, HFF (human foreskin fibroblast), and 293T cells were maintained according to standard protocols. Infections of HFF cells with HSV-1, cell transfections, and Western blotting were done as described in SI Text.
Immunodepletion and Immunoprecipitation. Immunodepletion of HeLa nuclear extracts with anti-HCF-1 or control IgG were done as described in SI Text. All experiments were repeated at least three times and data are presented as mean AE SD.
Biochemical Fractionation of Subcellular Compartments. Nuclear and cytoplasmic fractions were obtained using a hypotonic lysis buffer as described in ref. 33 . Chromatin fractions and digestion with MNase were conducted as described in ref. 34 .
In Vitro GST-Pulldown Assays. Recombinant GST-OGT fusion protein was purified using glutathione agarose beads and used for pull down assays as described in SI Text.
Immunofluorescence. Cells were fixed with paraformaldehyde and stained with the appropriate antibodies as detailed in the SI Text.
mRNA Expression Analysis and Chromatin Immunoprecipitations. mRNA was prepared according to standard procedures and cDNAs were used for real time qRT-PCR analysis of cellular and viral mRNA levels. Chromatin immunoprecipitation (ChIP) was done essentially as previously described in ref. 35 with minor modifications as described in SI Text.
